Nucleophilic addition reaction of benzenethiols (PhSH) to 1-(2-nitrovinyl) benzenes (βNS) in the presence of triethylamine (TEA) has been studied in acetonitrile at 25 o C. The rate is first order with respect to [PhSH], [TEA] and [βNS]. The reaction is found to proceed with the formation of ion-pair between benzenethiol and TEA. A suitable mechanism with the formation of an adduct between ion-pair and substrate in a slow step followed by its rearrangement to 1,2-addition product in a fast step has been proposed and corresponding rate law derived. From the rate law, the rate constants for the interaction between ion-pair and βNS have been evaluated. Interestingly, in both para-substituted substrates and benzenethiols the rate increases with the electron-withdrawing power of the substituents. The positive sign of ρ x in benzenethiols has been explained. The magnitude of cross-interaction constant, ρ xy is small (0.08). The magnitude of the Hammett ρ x values is higher than that of the Bronsted, β x values for benzenethiols. The kinetic isotope effect, k H /k D , is found to be greater than unity. A suitable transition state with simultaneous formation of C β -H and C α -S bonds involving the ion-pair and βNS in a single concerted step has been proposed to account for these observations.
Introduction
Addition of neutral or anionic nucleophiles to activated olefins is an important class of reactions and has been studied extensively. [1] [2] [3] [4] [5] The activating groups are normally electron acceptors which act to stabilize the intermediate carbanion in the stepwise pathway. 1 The addition reactions of amine nucleophiles to olefins containing activating groups have been investigated. 3 In these reactions, solvent plays an important role on the mechanism. In aqueous medium the reaction proceeds through the formation of zwitterion with charge imbalanced transition state. 1 It is observed that even though the reactions show typical behaviour of a carbanion forming process, the carbanion is largely stabilized by the polar effects while resonance effects playing a more modest role. 2 On the other hand, the nucleophilic addition of amines to activated olefins in acetonitrile 4 shows that proton transfer to β-carbon and N-C α bond formation occur concertedly and the neutral adducts are formed in a single step but not through zwitterion formation. This change in mechanism has been attributed to weak solvating power of acetonitrile to stabilize carbanion. This supporting mechanistic change has also been reflected in high reduction in rate constants in acetonitrile for the addition of neutral nucleophiles to activated olefins. 5 The addition of thiols to such olefinic system has received attention recently. 6 Even though thiols are reported to be very good nucleophiles for Michael addition to activated olefins, the addition reactions have been carried out in the presence of a catalyst [7] [8] [9] [10] or in a buffer medium. [11] [12] [13] The present work is to study the mechanism of Michael addition reaction of benzenethiol (PhSH) to 1-(2-nitrovinyl)benzene (βNS) in pure acetonitrile in the presence of a suitable catalyst, triethylamine (TEA) by examining the structure-reactivity behaviour of nucleophiles and substrates.
Results and Discussion
The rate of addition reaction of 1-(2-nitrovinyl)benzene with benzenethiol in the presence of triethylamine in acetonitrile was followed by monitoring the disappearance of UV absorption maxima of the substrate (λ max = 310 nm). In order to understand the electronic effects of substituents on the addition reaction of benzenethiol with βNS in the presence of TEA, the addition reaction was carried out with different para-substituted 1-(2-nitrovinyl)benzenes and benzenethiols. The relevant data at 298 K are given in Table 2 .
Analysis of rate data in Table 2 reveals that the rate increases with increase in electron-attracting power of parasubstituents in βNS. The rate of addition of para-substituted benzenethiols with different para-substituted 1-(2-nitrovinyl)benzene in the presence of TEA increases with both electron-withdrawing and electron-releasing substituents in benzenethiol.
The reaction of PhSH with βNS in the presence of TEA is initiated through the formation of intimate ion-pair in acetonitrile. 15 
where OD is the optical density of the ion-pair, ε is molar extinction coefficient and K is the equilibrium constant for the formation of ion-pair. (Table 3) for different substituted benzenethiols. The free energy of formation of IP has also been calculated and the values are given in Table 3 . 
The equilibrium constant is also found to increase with increase in electron-withdrawing as well as electron-releasing power of substituents in benzenethiol. This may be due to the fact that electron-withdrawing substituents favour the formation of the ion-pair whereas electron-releasing substituents favour the stabilization of the ion-pair.
In general, rates of amine addition to activated olefins are much faster in aqueous medium (ca. > 10 2 fold) than those for the corresponding reactions in acetonitrile. 4, 5 But in the present study the rate of addition of benzenethiol to 1-(2-nitrovinyl)benzene in the presence of TEA in acetonitrile is found to be faster than the same reaction in aqueous acetonitrile.
14 The formation of a less polar transition state from the ion-pair and βNS may be the probable reason for the higher reactivity in acetonitrile. All these observations indicate that the addition of benzenethiol to βNS in the presence of TEA in pure acetonitrile is predicted to proceed by the attack of intimate ion-pair to βNS to form adduct followed by its rearrangement (Scheme 1). The rate law for the above mechanism is
On substituting the value for [IP] in the rate law, the observed pseudo-first order rate constant is given as By using equilibrium constant K, [PhSH] and [TEA], the second order rate constant for the second step (k 2 ) can be evaluated.
(3)
The second order rate constants (k 2 ) for the addition of various substituted benzenethiols to various para-substituted 1-(2-nitrovinyl)benzene at 298 K in acetonitrile are presented in Table 4 . The rate data for the addition reactions of 1-(2-nitrovinyl)benzenes and substituted benzenethiols are analysed in terms of the corresponding Hammett σ constants. 19 Further, the rate constants of substituted benzenethiols are also correlated with pK a values of benzenethiols in water. 20 It has been proved that the β x values determined by correlating the rate constants in acetonitrile with pK a of benzenethiols in water are reliable in spite of the difference in solvent. 21 Relevant ρ x , ρ y and β x values are presented in Table 4 .
Analysis of rate data in Table 4 reveals that the rate of addition of ion-pair to βNS increases with electronwithdrawing substituents in para-substituted βNS and also in para-substituted benzenethiols. In the case of parasubstituted βNS, good correlations are obtained with normal σ-constants (ρ y = 1.73-1.91) whereas in the case of parasubstituted benzenethiols, good correlations are obtained with σ + constants (ρ x = 0.60-0.75). In the correlation of rate data of para-substituted βNS, p-NO 2 βNS has not been included since the observed rate constants are lower than those expected based on its σ value. A similar trend has been observed in the reactions of βNS with benzylamines in acetonitrile. 4a The lower rate for the p-NO 2 βNS may be due to the fact that the two nitro groups present on both sides are 
Scheme 1
operating the electronic effects in opposite directions. This results in lowering of polarization of >C=C< and its reactivity. 6 The mode of rate variation with para-substituted benzenethiols in the addition reactions is opposite to the general behaviour observed in nucleophilic addition reactions of neutral nucleophiles with activated olefinic bonds. [1] [2] [3] [4] [5] In all these cases ρ x is observed to be negative. A larger negative value of ρ x is observed in the addition of benzylamine to 1-(2-nitrovinyl)benzene in acetonitrile 4a and also in the addition of benzenethiols to 4'-[N-(9-Acridinyl)]-1'-(N-methanesulfonyl)-3'-methoxyquinine diimide. 12 But, the observed ρ x value in the present study is positive and less than unity. Further, exalted σ + constants are required to correlate the rate data for the addition of various parasubstituted benzenethiols to 1-(2-nitrovinyl)benzenes. This is accounted by the fact that the addition of ion-pair to β NS is the slow step. The presence of electron-withdrawing groups polarizes the -S-H bond in the ion-pair and the transfer of proton to C β becomes much easier, whereas the presence of electron-releasing substituents in benzenethiol increases the electron density at the sulphur atom in the ionpair, thereby the polarization of S-H bond in ion-pair decreases and hence its reactivity.
For the addition of benzenethiol to various para-substituted 1-(2-nitrovinyl)benzenes in the presence of triethylamine in acetonitrile, ρ y values are also found to be positive and are in the range 1.73-1.91. These values are more or less comparable with those ρ y values for the addition of benzylamine to para-substituted 1-(2-nitrovinyl)benzenes in acetonitrile. 4a The addition of ion-pair to βNS depends on the extend of polarization of >C=C< in βNS. The extend of polarization and development of partial positive charge on C α and negative charge on C β carbon atoms is enhanced by electron-withdrawing substituents in βNS whereas it is decreased by electron-releasing substituents. This is reflected by the observed positive ρ y values for βNS in the present study.
Further, the nature of the transition state in amine addition reactions in acetonitrile [3] [4] [5] has been explained in terms of cross-interaction constant, ρ xy which has been evaluated by making use of the equation (4).
The observed value of the cross-interaction constant, ρ xy for the present investigation in acetonitrile is almost equal to zero (0.08). Whenever bond formation occurs in the transition state ρ xy is negative, 4 whereas for bond breaking in transition state ρ xy is found to be positive. 22, 23 A cyclic transition state with bond formation has been envisaged on the basis of sign and magnitude of ρ xy values (−0.24 to −0.90) in the addition reaction of benzylamine to activated olefins. In contrast, the aminolysis of thiophenyl acetates with benzylamines in acetonitrile which is believed to proceed by rate-limiting expulsion of leaving group, gives positive ρ xy (0.90) value. 23 In the present investigation, ρ xy value is nearer to zero(0.08). Since the magnitude of ρ xy is a measure of the degree of bond formation, 5 it may be expected the occurrence of both bond-breaking and bond-making in the transition state. Therefore, the present addition reaction proceeds with the simultaneous formation of C β -H and C α− -S bonds involving the ion-pair in a single step to form an adduct during which -S-H bond undergoes cleavage. The plots of ρ x vs σ y (slope = 0.08) and ρ y vs σ x (slope = 0.08) are linear which are also in favour of occurrence of simultaneous bond making and bond breaking in the transition state.
The observed ρ x , ρ y , ρ xy and β x values are in support of the mechanism (Scheme 1). The observed β x values are much lower than the corresponding ρ x values in the addition reaction of benzenethiols to βNS. These relative lower β x values to those of ρ x values are similar to the addition reaction of aniline to βNS in acetonitrile at 25 o C (β x ~ 0.68 and ρ x ~ 1.89 ± 0.13). 24 This is an indication of lower degree of bond formation in the transition state in benzenethiol addition to βNS.
The rate of addition of benzenethiol to βNS in the presence of TEA in acetonitrile has been measured at four different temperatures (Table 5) . Activation parameters ΔH # (15.2 kJ mol Proton transfer from the ion-pair to negatively charged C β -carbon in the transition state is further confirmed by the primary kinetic isotope effect; (k H /k D > unity) given in Table  6 involving deuterated benzenethiols. In the case of pchlorobenzenethiol and p-methoxybenzenethiol, k H /k D values are significantly higher (~7). In the case of p-chlorobenzenethiol and p-methoxybenzenethiol, the ion-pair formation with TEA is high (Table 3 ) and hence the formation of C β -H bond is significant in the transition state which is reflected in 
Materials and Methods
Solvent, acetonitrile (merck GR) was used after three distillations. Benzenethiols (Aldrich GR) were used after fractional distillation/crystallization. The 1-(2-nitrovinyl)-benzenes were prepared by the literature method. Product analysis. 1-(2-nitrovinyl)benzene (0.02 mol), benzenethiol (0.1 mol) and triethylamine (0.02 mol) were mixed in acetonitrile at 25 o C and kept for more than 10 halflives. The resultant mixture was poured into excess water and the product was extracted with ethyl acetate. The organic layer was washed with dil.HCl and then with water. The separated organic layer was dried over anhy.Na 2 SO 4 and the solvent was removed under reduced pressure. The separated solid was purified by column chromatography (Silica gel, 20% ethyl acetate -n-hexane). The separated solid (yield: 85%) was identified as 1,2-addition product (C 6 H 5 -CH(SC 6 H 5 )-CH 2 NO 2 ) from its melting point (72 o C) which is confirmed by preparing authentic sample. 6 The nature of the product was further confirmed by NMR and Mass spectral data. 
